ABSTRACT • The study determined the effect of non-recoverable thickness swelling (NTS) on internal bond in oriented strand boards (OSB
INTRODUCTION

UVOD
A vast majority of wood-based materials (over 90%) are composites of comminuted wood and a binding agent bonding these comminuted fragments. The degree of comminution has a decisive effect on mechanical properties of the produced material and it determines its price. The greater the degree of combination, the less advantageous are the mechanical properties, but at the same time also the lower is the price of such materials. A lower price results from the fact that inferior quality wood may be used, frequently already comminuted, coming from thinning of waste in forests or from waste wood from other branches of industry. The type of the applied binding agent determines the degree of resistance to external environmental conditions in a given material and defi nes its applicability in the broadly understood construction business. Binding agents, providing adequate water resistance of wood-based materials, include synthetic resins based on phenol (Andersen and Troughton, 1996; Irle and Bolton, 1988; Amen-Chen et al. 2002) , melamine and isocyanate adhesives (Brochmann et al., 2004) . Wood-based materials bonded us-ing these adhesives, particularly plywood, V100 boards and OSB, are applied wherever, apart from strength, high moisture resistance is also required. Due to their advantageous price, in recent years the value ratio of OSB has been predominant in the construction industry (Hikiert, 2001; Oniśko, 2002) , replacing plywood in many applications. However, high mechanical properties of these boards (Brinkmann, 1979; Zhou, 1990; Nishimura et al., 2001; Han et al., 2005) as well as their considerable moisture resistance (Gu et al. 2005; do not guarantee high linear expansion stability. Changes caused by moisture in linear dimensions of boards result from hygroscopic properties of wood. Linear expansion in OSB subjected to the action of humid air has been investigated in many studies Suchsland, 2000; Lee and Wu, 2002; Mirski, 2007) . In practice, much importance is attributed to changes in thickness. Swelling of boards is caused by very many factors, primarily mat quality, including wood species, chip quality, orientation, the number of layers and their weight ratios, type of resin (formulation, amount applied) as well as used hydrophobic agents (Halligan, 1970; Liu and McNatt, 1991; . In recent years attention has been focused on the effect of the proportion of swelling in individual layers on total swelling in thickness. This contributed to the patenting of optical measurement of changes in thickness proposed by Wang and Winistorfer (2002) . It results from studies presented by Wang and Winistorfer (2003) and that, in case of OSB, the share of swelling in face layers is dominant. The share of swelling in face layers and the core changes with soaking time. Thus after 2 h soaking it reached 74 % of total swelling, while after 24 it reached only 57 % of total swelling (Wang and Winistorfer, 2003) . Changes in thickness of boards related with changes in its moisture content may be divided into two types: recoverable thickness swelling (RTS) and non-recoverable thickness swelling (NTS) (Halligan, 1970; Wu and Suchsland, 1997) . Total thickness of the board deformation caused by changes in the moisture content can be divided into two components: RTS, this is the part of the deformation of the board thickness which disappears after drying the sample to the initial conditions, NTS is a strain that remains despite the loss of force (although the initial humidity is restored).
Residual deformations remaining after the wetting process are generally a consequence of damage to the glue lines as a result of stresses formed in the wetted material (Suchsland and Xu, 1991) .
A measure of glue line quality in wood-based materials, with the exception of veneer-based boards, such as PB, MDF and OSB, is established by the determination of internal bond (Dai et al., 2008) . This method of quality appraisal for glue lines in OSB subjected to wetting and drying processes was presented in their study by Wu and Piao (1999) . They showed that IB in boards subjected to the process of wetting or soaking is proportional to residual deformations. The above mentioned authors conditioned boards, dried at 105 ºC, to a specifi c moisture content or soaked them for a specifi c time (from 1 h to 24 h), and then dried them again at 105 ºC. The differences in thickness between the absolutely dry state before the wetting process and after this process were considered to be NTS. However, it seems that drying under such harsh conditions already causes a certain degradation of the glue lines. Thus the aim of this study was to state whether the previously observed dependence might also be observed, in a situation in which, after the soaking process, samples were led to initial moisture content in the process of the free drying process. Thus the insight into the behaviour of soaked and dried boards could be signifi cant in practice.
MATERIAL AND METHODS
MATERIJAL I METODE
Tests were conducted on two types of OSB produced on the commercial scale for the applications in the construction industry, i.e. OSB/4 of 8, 15 and 22 mm in thickness, and OSB/3 of 15 mm in thickness. Moreover, both types of boards were manufactured from pine (Pinus sylvestris) chips and resinated with pMDI in the core and with MUPF resin in face layers. An enhanced load-bearing capacity of OSB/4 as a rule results from the application of higher resination rates in their manufacture. The basic properties of the tested boards are presented in Tab. 1. All tested boards, irrespective of their type or thickness, exhibited a similar value of swelling in thickness after 24 h soaking in water. Moreover, all the tested boards were characterised by considerable internal bond and bending strength. In turn, while OSB/4 of 8 mm in thickness exhibits an over 2-fold higher moisture resistance, measured by the V100 tests, than required by the standard EN 300 (0.17 N/mm 2 ), already OSB/4 of 22mm does not meet the requirements of this standard (0.13 N/mm 2 ). Moreover, OSB/3 is characterised by a considerable moisture resistance, even higher than that of OSB/4 with identical thickness.
In order to determine the effect of drying temperature on changes in board properties it was decided to run tests of internal bond with soaked and later dried samples (drying was conducted at different temperatures -see below). For this purpose, a total of 160 samples of 50 x 50 mm 2 were prepared from 15mm OSB/4, and they were soaked in water at a temperature of 20 º ± 1 ºC. Soaking time of 46 h was considered suffi cient to provide a high degree of saturation with water. After the soaking process, samples were divided into 8 sets, for which different variants of drying temperatures were adopted, i.e. 40 ºC, 60 ºC, 75 ºC, 90 ºC, 105 ºC, 130 ºC, 160 ºC and 200 ºC. After constant mass was reached and after cooling to ambient temperature, their internal bond was determined in accordance with the standard EN 319, which was adopted as an index of board structure damage.
To determine the effect of soaking time on the behaviour of the glue line in each type of the tested OSB, a total of 140 samples of 50x50 mm 2 were prepared. A point was marked (at diagonal crossing) on each sample, where sample thickness was measured every time. Thus prepared samples together with the control samples were then conditioned in a chamber at a constant temperature and humidity (20 ± 1 ºC and 30 % ± 5 % RH) for approx. 2 months. It was assumed that this period was suffi cient for all the samples to reach identical moisture content at the entire cross-section. Dimensions and weight of each sample were measured and, using control samples, initial moisture content was determined. MC was determined using the gravimetric drier method for each type of boards; however, due to the statistically non-signifi cant differences, moisture content of 5.80 % was assumed as a base moisture content for all board types. Conditioned samples were then soaked in water at 20 ±1 ºC for the period specifi ed in the schedule (from 1 to 70 h). After the specifi ed time, samples were gently dried using blotting paper and weighed, their thickness was measured to determine the dependence of swelling on absorbability. After this stage, the samples were again conditioned under identical conditions. Periodically weight of randomly selected samples was determined in order to establish their moisture content. The process was repeated until it could be assumed that all the samples reached the moisture content similar to the base one. The samples were then weighed, their thickness was measured and they were subjected to the internal bond test.
NTS was assumed to be the relative change in thickness (1):
(1) where: t x -sample thickness after soaking and conditioning / debljina uzorka nakon natapanja i kondicioniranja, t 0 -sample thickness before the soaking process / debljina uzorka prije postupka natapanja, while a reduction of internal bond was defi ned as:
where: IB 0 -board strength before soaking / čvrstoća raslojavanja prije natapanja, IB x -board strength after soaking and conditioning / čvrstoća raslojavanja nakon natapanja i kondicioniranja. Moreover, it was decided to approximate results of measurements using a 3 rd order polynomial (3),
applying an acknowledged technique of response surface methodology (RMS) (Box and Draper, 2007) . Polynomial coeffi cients were determined using the least square method.
Board thickness in the adopted polynomial, i.e. 8, 15 and 22 mm, was decided to be the fi rst independent variable ζ 1 , while the second independent variable ζ 2 was assumed to be the time of board soaking in water, i.e. 0, 1, 2, 4, 6, 10, 14, 18, 22, 30, 38, 46, 54, 62 and 70 h However, in order to develop a model variable ζ 1 was reduced to x 1 according to equation (4) and ζ 2 to x 2 according to equation (5):
The degree of fi t of the model to empirical data is presented in Fig. 1 . It results from the presented data that the assumed model showed a very high degree of fi t, since for all the analysed dependencies its R 2 value was greater than 0.98.
RESULTS AND DISCUSSION
REZULTATI I RASPRAVA
Internal bond of boards soaked in water for 46 h and then dried at different temperatures is presented in Fig. 2 .
It may be concluded from the presented data that the range of occurring changes may be described by two equations of regression curves, characterized by high values of fi t indexes R 2 . The fi rst of them describes changes occurring in the glue line in the temperature range of 40 -90 ºC, and the other in the range of 105 -200 ºC. In the range of 40 -90 ºC, we may observe an intensive drop in internal bond, while over 105 ºC these changes are much milder. For presented dependencies, a common point for both straight lines is approx. 100 ºC. Thus, it results from the presented dependencies that after exceeding the temperature of 100 ºC, no signifi cant changes are observed in properties of OSB, this being a consequence of an additional factor, i.e. drying temperature. Thus a well-known regularity is confi rmed that the milder are the conditions causing changes (reduction) of moisture content in wood or wood-based materials, the smaller is the degradation of their mechanical properties.
The dependence of swelling on absorbability is presented in the form of a linear regression equation TS = a 0 + a 1 WA, giving in Table 2 the values of coefficients for this equations as well as the fi t index r 2 . Table  2 also presents the values of absorbability and swelling recorded for tested boards after 70 h soaking in water.
As it could have been expected, there is a highly linear dependence of swelling in thickness and the amount of water absorbed by OSB. Such an assumption was presented not only by Wu and Piao (1999) , but also by . Although it does not refl ect the actual course of sorption and its effect in the form of linear expansion, it still seems to suffi ciently well describe the occurring changes.
Moreover, as it results from the data presented in Tab. 2, the greatest increment in thickness, caused by the absorption of an identical amount of water, was found for OSB/4 of 8 mm in thickness, while it was the lowest in 2 mm OSB/4. In turn, 15 mm OSB/3 has a (Rice and Carey, 1978; .
As it could have been expected, the greatest swelling in thickness after 70 h soaking was found for OSB/3. The swelling value for this board is 21.74 %, but it is still by only 2.5 % higher than swelling in OSB/4 of identical thickness. It seems that swelling of 15 mm OSB/4 is relatively high both in relation to OSB/3 and the other OSB/4 variants. While the observed high swelling in OSB/3 may be explained by a lower resination ratio at the manufacture of such boards, high swelling in OSB/4 of identical thickness comes as a surprise. However, it results from the data presented in Tab. 1 that physical and mechanical properties of these boards are practically identical, except for internal bond and strength after the boiling test. Higher IB values for OSB/4 may probably be attributed to the higher average density and the distribution of density at the board cross-section. As it results from Fig. 3 , in case of this board there is a greater density of chips in the face layer.
Extension of the zone of lower densities in OSB/3 also results in a markedly higher absorbability. In turn, the recorded high strength of OSB/3 after the boiling test causes a situation when at such a long soaking time the effects of density and moisture resistance begin to be balanced. The above statement is also confi rmed by the fact that a reduction of internal bond, which may be described with a good approximation with a linear equation in the function of residual deformations for both boards, is very similar (Fig. 4) .
Values of residual deformations observed for OSB/4 are presented in Fig. 5 .
It results from these data that short-term soaking, of max. 5 h, causes only slight non-recoverable thickness swelling, of only 1 %, in OSB/4, and it is irrespective of their thickness. With the time of board exposure to cold water, the volume of thickness swelling increases and, in the analyzed case, it starts to depend more markedly on board thickness. Up to 24 h these differences are still slight, but with an extension of soaking time, it becomes evident that the greatest non-recoverable deformations are found in 15 mm boards. High resistance of 8 mm boards is probably a consequence of both high density and the stated moisture resistance determined by the boiling test (Table 1) . Such a situation is also indicated by low absorbability of these boards, determined after 70 h soaking in cold water. In turn, 22 mm OSB/4, despite its much lower density, potentially suggesting higher capacity to absorb water, and a relatively low moisture resistance, possibly refl ected in the values of swelling, exhibits both low values of non-recoverable deformations and swelling ( Table 2 ). The low swelling ratio and low values of non-recoverable deformations indicate that the tested board is characterized by a high level of chip hydrophobicity. Such an effect may be obtained by an increase in the amount of hydrophobic additives and/or thanks to the application of higher resination rates. It is a well-known fact that commonly used paraffi n emulsions effectively reduce the hydrophilic character of materials during their exposure to cold water, whereas in hot water they are dissolved. The effect of soaking time of OSB/4 on their internal bond is presented in Fig. 6 .
As it results from the provided data, in case of a short-term soaking of boards, irrespective of their thickness, we may observe a permanent reduction of internal bond, amounting to 10 -20 %. With an extension of soaking time the degree of degradation increases, and it is much greater for thicker boards. During IB strength testing, most samples were destroyed in the core and it was irrespective of board thickness. Only in several cases, rupture occurred at the interface of the core and the face layers. Thus in the scheduled testing period, even if the observed linear expansion pertained mainly to face layers, potentially suggesting that the greatest degradation of the glue line took place in those layers, the core was still the weakest point in terms of its internal bond. In the opinion of the authors of this study, the markedly lower density of the core in OSB results in a situation where penetration of water is faster in this layer and hence stresses are fi rst formed there, causing glue line degradation. Although linear expansion (swelling) in this layer is not as marked as in the face layers, as suggested in the study by Wang and Winistorfer (2003) , it seems that the observed reduction of strength and at the same time degradation of the glue line are mostly related to the core. Obviously, we may not reject a hypothesis that the percentages of destruction changes in face layers are greater. However, their high initial strength results in a situation where for the adopted testing period the core still remains the weakest part of the board. In this respect suggestions of the authors seem to confi rm the results of a still unpublished paper, from which it results that a signifi cant reduction of strength in the face layers of OSB occurs only after 4 -5 cycles of the V313 test.
The relationship between residual deformation in OSB/4 of various thicknesses and a permanent reduction of internal bond is presented in Fig. 7 .
As it results from these data, the constructed mathematical model based on equation (3) illustrates well the process of changes occurring in tested boards. Only in case of 15 mm boards, the character of occurring changes may be described by a linear equation, as presented in Fig. 4 . It results from this model that for each board thickness there is a certain boundary value of residual deformation, which, when exceeded, results in a dramatic decrease of strength. Thus, for example, in case of 8 mm boards, this effect may be observed after exceeding 4 % NTS, while in 15mm boards it may be observed after exceeding approx. 7 %. Such behavior of boards may be expected, since long-term board soaking causes their destruction exceeding the capacity of boards to return to the original thickness.
CONCLUSION 4. ZAKLJUČAK
As a result of tests conducted, it was found that the conditions, under which previously soaked boards are dried, have a signifi cant effect on their residual strength. As it could have been expected, the milder the board drying conditions (lower temperature, higher humidity), the smaller their reduction of strength. The boundary temperature, after which such a signifi cant deterioration of strength is no longer observed, is the boiling point of water. However, at this temperature, the strength of boards is already by over 40 % lower than that found after drying at 40 ºC.
Moreover, it results from the tests conducted that the soaking time signifi cantly infl uences the strength of OSB in terms of their internal bond. However, shortterm soaking up to approx. 5 h causes a permanent reduction of strength by only approx. 10 -20 %, and this is irrespective of board thickness. In turn, a longer soaking time results in a situation where the internal bond is reduced to a greater extent in thicker boards. Thus, the observed decrease in strength after 60 h soaking in case of 8 mm boards was approx. 45 %, while for 22 mm boards it exceeded 70 %. The formed permanent residual deformations, whose volume is strongly connected with the soaking time and drying temperature, within a certain range may be connected linearly with a decrease in internal bond. Except for 15 mm boards, this pertains mainly to very small values of residual deformations, typically below 2 %. However, irrespective of OSB thickness there is a boundary value of NTS, where a signifi cant deterioration of strength is observed.
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